؊/؊ mice survive with substantially fewer macrophages in the low-dose models implies that the immune response to low-dose M. tuberculosis infection in mice is more robust than necessary to control the infection. Finally, these data demonstrate that, in cases of infectious disease in knockout models, clear phenotypes may not be evident when one is solely evaluating bacterial numbers and survival. Functional assays may be necessary to reveal roles for components of the multifactorial immune system.
The hallmark of Mycobacterium tuberculosis infection is granuloma formation. After infection of alveolar and resident macrophages or dendritic cells in the lungs, monocytes and Mycobacterium-specific lymphocytes migrate from the blood to the lungs and form granulomas. Within the localized environment of the granuloma, the immune cells control the bacterial replication and limit the spread of infection within the lung and to other organs. In M. tuberculosis-infected hosts, CD4 ϩ and CD8 ϩ T lymphocytes produce gamma interferon (IFN-␥) and tumor necrosis factor alpha (TNF-␣), cytokines which aid in control of infection and macrophage activation (1, 7, 10, 11) . Activated macrophages also produce TNF-␣ and reactive oxygen and nitrogen intermediates, which have antimycobacterial properties (5, 11) . Identifying factors involved in migration of cells to the lungs and granuloma formation is a key to understanding the immune response to M. tuberculosis.
Chemokines and chemokine receptors are involved in cell migration and are logical candidates for a role in granuloma formation. The chemokines induced during M. tuberculosis infection have been studied to a limited degree. Gene expression of CCL3 (macrophage inflammatory protein 1␣ [MIP-1␣]), CXCL2 (MIP-2), CXCL10 (IP-10), and CCL2 (monocyte chemoattractant protein 1 [MCP-1]) was increased in the lungs of infected mice (24) . CCL2
Ϫ/Ϫ mice did not demonstrate increased susceptibility to M. tuberculosis infection, but whether cell infiltration or histology was affected in these mice was not reported (18) . However, transgenic mice overexpressing CCL2 were more susceptible to tuberculosis (25) . In in vitro human studies, the chemokines CCL5 (RANTES), CCL2, CCL3, and CXCL8 (interleukin-8 ) were released by alveolar macrophages upon infection with M. tuberculosis (26) , and bronchoalveolar lavage fluid from pulmonary tuberculosis patients had increased levels of CCL5, CCL2, and CXCL8 compared to healthy controls (14, 26) . Blood monocytes and lymph node cells from tuberculosis patients had increased levels of CCL2 protein compared to healthy controls (17) .
There have been studies on the contribution of various chemokines to granuloma formation. Using "bead" instillation (purified protein derivative or schistosomal egg antigen beads) or injection of schistosomal eggs to induce granulomas in lungs of mice, roles for CCR1 and CCR2, as well as for CCL5 and CCL2, in granuloma formation were demonstrated (6, 23, 30, 32) . CCR2 is present on monocytes, macrophages, and dendritic cells, as well as in activated T cells. This chemokine receptor is a logical candidate for monocyte/macrophage recruitment to the lungs because macrophages and monocytes are chemotactic toward CCR2 ligands, macrophage chemotactic protein CCL2, CCL7 (MCP-3), and CCL12 (MCP-5). Studies in CCR2 Ϫ/Ϫ mice have indicated that this receptor plays a major role in mediating monocyte/macrophage recruitment in response to intracellular pathogens such as Listeria monocyto-genes or Cryptococcus neoformans and to nonspecific inflammatory stimuli, such as thioglycolate or mycobacterial antigens (3, 15, 31) , although resident macrophages were unaffected by the absence of CCR2 (15) .
In the present study we addressed the requirement for CCR2 in various infection models of M. tuberculosis, including aerosol infection and both high-and low-dose intravenous (i.v.) infection. Previously we, along with coworkers, reported that CCR2
Ϫ/Ϫ mice were highly susceptible to i.v. M. tuberculosis infection, with significantly higher bacterial loads by 14 days postinfection, severe pathology, and increased mortality (22) . These mice demonstrated macrophage and dendritic cell migration deficiencies and delays in IFN-␥ and inducible nitric oxide synthase (NOS2) expression (22) . To determine whether the migration defects were evident after aerosol or i.v. infections with low doses of M. tuberculosis, we infected CCR2 Ϫ/Ϫ mice and compared the development of the immune response to CCR2 ϩ/ϩ mice. Our results confirm that CCR2 plays a major role in migration of monocyte to the lung during M. tuberculosis infection. It also appears to affect early migration of T cells to the lung, which could result in the observed transient delay in IFN-␥ and NOS2 expression. Surprisingly, the deficiencies in cell migration and cytokine expression did not noticeably affect the ability of CCR2 Ϫ/Ϫ mice to control low-dose M. tuberculosis infection.
counted. Then, 2 ϫ 10 6 cells were plated on non-tissue culture-treated petri dishes (Labtek) in 25 ml of macrophage media (25% L-cell supernatant, 20% fetal bovine serum, 1% L-glutamine, 1% pyruvate, and 1% nonessential amino acids). After 4 days in culture the cells were fed with 10 ml of fresh macrophage media. On day 6 macrophages were infected with M. tuberculosis at a multiplicity of infection of 4. At 4 h postinfection the supernatant was removed, cells were washed, and fresh medium was added.
Flow cytometric analysis of lung cells. To determine the amount of cellular infiltrate in the lung, lungs were removed for flow cytometric analysis at 10-day intervals. Lungs were subjected to a short period (25 min) of digestion with 1 mg of collagenase A and 25 U of DNase (both from Boehringer Mannheim, Mannheim, Germany)/ml at 37°C. The suspension was then pushed through a cell strainer as previously described (19) . Red blood cells were lysed with red blood cell lysis buffer (NH 4 Cl-Tris solution), and the single-cell suspension was counted. The samples were stained with 0.2 g of anti-CD4, anti-CD8, or anti-CD69 or with 0.15 g of anti-Gr1 and 0.2 g of anti-CD11b in fluorescenceactivated cell sorting buffer (0.1% sodium azide, 0.1% bovine serum albumin, 20% mouse serum). After several washes, the cells were fixed in 4% paraformaldehyde for 1 h and collected on a FACSCaliber (Beckon Dickinson). Analysis was performed by using CellQuest software (Pharmingen).
Histopathology. Tissue samples for histological studies were fixed in 10% normal buffered formalin, followed by paraffin embedment. For histopathological studies 5-to 6-m sections were stained with Harris' hematoxylin and eosin.
RPA. A multiprobe RNase protection assay (RPA) system (Pharmingen) was used to determine the levels of mRNA for genes of interest at 10-day intervals after aerosol infection in murine lungs or in infected macrophages in vitro. At the time of harvest, the lungs were snap-frozen in liquid nitrogen and stored at Ϫ80°C. Total RNA was extracted by using Trizol reagent (Life Technology, Grand Island, N.Y.), followed by treatment with RNase free-DNase (Roche, Indianapolis, Ind.) and RNase inhibitor (Roche). Macrophage RNA was obtained from bone marrow-derived macrophages by treating ϳ4 ϫ 10 6 adherent cells with 1 ml of Trizol reagent. The RNA was subjected to RPA according to Pharmingen's protocol. In short, mRNA from macrophages or the lungs was hybridized overnight to [ 32 P]UTP-labeled probes. The protected [ 32 P]UTP-labeled RNA probes were resolved on a 6% polyacrylamide gel and analyzed by autoradiography. Cytokine analysis was performed by using a custom-made template set specific for NOS2, IL-4, IL-12p40, TNF-␣, IL-1␤, IL-1␣, and IFN-␥. Chemokine analysis was performed by using either a custom-template set specific for CCL2, CCL7, CCL12, CCR2, CCL19 (MIP-3␤) and CXCL10 (Pharmingen, provided by Joel Ernst, University of California at San Francisco) or an mCK5 multiprobe template set (Pharmingen). The expression of specific genes was quantified on a densitometer (ImageQuant Software; Molecular Dynamics, Sunnyvale, Calif.) relative to the abundance of the housekeeping gene, L32. We also performed phosphorimaging quantification on some samples but obtained results identical to those seen with densitometry; therefore, only the densitometric quantifications are shown.
Statistical analysis. Three to four mice per group per time point were used for all studies. Statistical analysis was performed on the data by utilizing Prism Software for an unpaired t test. For bacterial numbers and cell numbers, log transformation was performed prior to statistical analysis.
RESULTS
Expression of CCR2 ligands, CCL2, CCL7, and CCL12 increases after infection. To determine whether expression of CCR2 ligands was enhanced after M. tuberculosis infection, RPA was performed on infected bone marrow-derived macrophages and the lungs of infected C57BL/6 mice. The expression of three major CCR2 ligands and CCR2 increased upon in vitro infection of macrophages (Fig. 1A) . There was also enhanced expression of genes for CCL3, CCL4 (MIP-1␤), CCL5, CXCL2, and CXCL10 in macrophages (data not shown). In the lungs, expression of the macrophage chemotactic proteins (CCL2, CCL7, and CCL12) increased after aerosol M. tuberculosis infection (Fig. 1B) . The pattern of expression was similar to that of a number of other chemokines after infection in the lung, including CCL3, CCL4, CCL5, and CXCL10 (data not shown). Fig. 2A) . The bacterial numbers in the lungs of CCR2 Ϫ/Ϫ and wild-type mice were not significantly different at any time postinfection. There was no significant difference in bacterial dissemination to the spleen or liver between the mouse strains, although the initial growth of M. tuberculosis in the spleens of CCR2 Ϫ/Ϫ was impaired compared to wild-type mice (P ϭ 0.0019). However, at late time points (70 days) there were ϳ10-fold more CFU in the CCR2 Ϫ/Ϫ spleens compared to the wild type. No differences in the bacterial growth in the liver were observed (data not shown). No CCR2 Ϫ/Ϫ mice succumbed to the aerosol infection during the course of the experiment; mice were maintained for up to 5 months. At 5 months postinfection the CCR2 Ϫ/Ϫ mice had similar bacterial loads in the lungs (data not shown). The low-dose aerosol infections were performed with M. tuberculosis strains H37Rv (twice) and Erdman (twice), with similar results.
These results were in sharp contrast to published results on CCR2 Ϫ/Ϫ mice infected i.v. with 4 to 10 ϫ 10 5 CFU (22), a study in which a majority of mice did not survive beyond 23 days. We repeated these studies with our standard i.v. dose of 2 ϫ 10 5 CFU with strain H37Rv. This dose did not cause mortality in C57BL/6 mice in our study. As reported previously (22) , the CCR2 Ϫ/Ϫ mice infected with a relatively high dose of M. tuberculosis had 5-fold-higher bacterial numbers than wildtype mice by 10 days postinfection and 100-fold more CFU by 20 days postinfection ( The decreased susceptibility of CCR2 Ϫ/Ϫ mice to the aerosol infection could have been due to either the route used to infect the mice or the substantially lower dose that is delivered to the lungs by the aerosol (compared to the i.v.) infection. To distinguish between these possibilities, we infected CCR2 Ϫ/Ϫ mice with a lower dose i.v., that is, with 10 4 CFU of H37Rv. This delivers Ͻ100 CFU to the lungs (4, 20; data not shown), which is similar to the dose delivered directly to the lung by our aerosol infection. CCR2
Ϫ/Ϫ and wild-type mice infected i.v. with the lower dose were equally capable of controlling the infection, a finding similar to that seen in aerosol-infected mice (Fig. 2C) . When a high dose of M. tuberculosis H37Rv was administered via aerosol (4,000 or 1,500 CFU), the CCR2 Ϫ/Ϫ mice had significantly higher bacterial loads in their lungs than wild-type mice by 3 weeks postinfection (data not shown); both strains of mice succumbed by 4 weeks postinfection to these high doses of M. tuberculosis. Thus, the susceptibility of CCR2 Ϫ/Ϫ mice is dependent on dose rather than on the route of infection.
Monocyte/macrophage migration deficiencies were observed even in low-dose infection. Murine macrophages express CCR2 and show chemotactic ability to CCR2 ligands, CCL2, CCL7, and CCL12. Monocyte/macrophage migration deficiencies have been observed in inflammatory models in CCR2 Ϫ/Ϫ mice (3, 8, 15, 16, 21, 22, 31, 32) . Since the CCR2 Ϫ/Ϫ mice were capable of controlling low-dose M. tuberculosis infection, we examined whether the lungs of the CCR2 Ϫ/Ϫ mice were also on October 14, 2017 by guest http://iai.asm.org/ deficient in macrophages after low-dose M. tuberculosis infection. Antibody staining, followed by flow cytometric analysis, was performed on single-cell lung homogenates. A substantial macrophage deficiency was observed in the CCR2 Ϫ/Ϫ mice infected with a low dose of M. tuberculosis. There was a 10-fold increase in macrophages by 32 days postinfection, but the number of macrophages in the CCR2 Ϫ/Ϫ mice remained much lower than in wild-type mice (Fig. 3A) , even up to 5 months postinfection (data not shown). In the low-dose i.v. model of M. tuberculosis infection (10 4 CFU), the CCR2 Ϫ/Ϫ also exhibited at least twofold fewer macrophages in the lungs (Table 1) .
These data and results previously reported (22) demonstrate that CCR2 plays an essential role in macrophage migration to the lung during M. tuberculosis infection, regardless of the dose, the route, or the strain of M. tuberculosis used for infection. In high-dose i.v. and aerosol infection models, the numbers of neutrophils increased to Ͼ50% of the total lung homogenate (Table 1) (22) . An increase in neutrophils was evident in low-dose models of infection in CCR2 Ϫ/Ϫ mice, but by 4 weeks postinfection the percentage of neutrophils was greatly reduced (Fig. 3B and Table 1) .
Lymphocyte migration to the lung after aerosol infection is affected. Because CD4 ϩ and CD8 ϩ lymphocytes play important roles in M. tuberculosis infection (reviewed in reference 9) and can express CCR2, the migration of these cells to the lung after M. tuberculosis infection was evaluated by flow cytometry. The number of CD4 ϩ T cells was significantly less in the CCR2-deficient mice compared to wild-type mice up to 50 days postinfection (Fig. 4A ). There was a more modest delay in CD8 ϩ lymphocyte migration to the lung, but this delay was overcome by 4 weeks postinfection (Fig. 4B) . We assessed activation status of the lung T cells by staining for the early activation marker, CD69. There was no difference in CD69 expression on CD4 ϩ T cells at any time point between wildtype and CCR2
Ϫ/Ϫ mice. However, at 13 days postinfection there was a significantly higher percentage of CD8 ϩ lymphocytes expressing CD69 in wild-type mice (P ϭ 0.004); at other time points the expression of CD69 was not significantly different between CCR2
Ϫ/Ϫ and CCR2 ϩ/ϩ mice (data not shown). Histological analysis of CCR2-deficient mice. Granuloma formation parallels development of cell-mediated immunity in murine models of tuberculosis. This occurs in the M. tuberculosis-infected lung 3 to 4 weeks postinfection. The granuloma consists primarily of clusters of macrophages, including epithelioid macrophages, and lymphocytes. In human tuberculous granulomas, the lymphocytes typically surround the macrophages, which may fuse to form multinucleated giant cells. After aerosol infection, the CCR2 Ϫ/Ϫ mice did form granulomas in the lungs, but the formation was delayed and the reduction in macrophages could clearly be observed in the over- all granuloma structure and pathology of the lungs (Fig. 5) . By 13 days postinfection, perivascular and peribronchial lymphocytic infiltrate was evident in wild-type mice and to a smaller extent in CCR2-deficient mice. This finding correlates with the delay in lymphocytic and macrophage infiltration evident in the flow cytometric analysis of the lung (Fig. 4) . By 21 days postinfection the perivascular and peribronchial infiltrate was more noticeable in the CCR2-deficient mice, but in the wild-type mice the lymphocytes were infiltrating deeper into the parenchymal space. By 33 days postinfection granulomas were evident in both groups of mice but were more organized in wildtype mice with tighter lymphocytic clusters. By day 48 the
FIG. 3. Macrophages are present in fewer numbers throughout M. tuberculosis infection in the CCR2-deficient mice. The extent of migration of macrophages (A) and neutrophils (B) to the lung after aerosol infection (50 CFU) with M. tuberculosis H37Rv in CCR2
Ϫ/Ϫ mice (ᮀ) and CCR2 ϩ/ϩ mice (OE) is charted. Flow cytometric analysis was performed on single-cell suspensions of the lung. Within the macrophage/granulocyte gate (determined by side-scatter versus forwardscatter parameters), macrophages were defined as CD11b ϩ Gr1 Ϫ and neutrophils were defined as CD11b ϩ Gr1 ϩ . Each datum point represents three to four mice, and the bars represent the standard error. ❋, P Յ 0.05; ❋❋, P Յ 0.005; ❋❋❋, P Յ 0.001. The experiment was repeated twice with similar results. granulomas were organized in the CCR2-deficient mice but, as a result of fewer macrophages in the lungs, the granulomas consisted of lymphocytic cuffs surrounding epithelioid macrophages rather than the lymphocytic aggregates within sheets of epithelioid macrophages as previously described in wild-type mice (12) . Thus, granuloma formation in the lungs was delayed and ultimately the granulomas appeared to contain fewer macrophages in CCR2 Ϫ/Ϫ mice compared to wild-type mice. IFN-␥ and NOS2 production is delayed in CCR2-deficient mice. Mice deficient in CCR2 have transient delays in IFN-␥ production (21, 27, 31) . Since IFN-␥ is required for the control of M. tuberculosis (7, 10, 13) and since the CCR2 Ϫ/Ϫ mice control infection in the low-dose models, we examined whether the defect in IFN-␥ production reported in the high-doseinfected mice (22) was evident in the aerosol model. In RPAs of whole-lung RNA preparations, there was a substantial delay in the IFN-␥ gene expression (Fig. 6) . Concomitant with the delay in IFN-␥ was a delay in mRNA levels of the gene for inducible nitric oxide synthase (NOS2). RNA from the lungs of uninfected mice was also used in RPAs; the genes of interest were below the level of detection with this RNA (data not shown). The delayed NOS2 gene expression was confirmed at the protein level by immunostaining of lung tissue from the mice at each time point postinfection (data not shown). Expression of a number of other cytokines was examined by RPA, and no significant difference in the mRNA expression of IL-12, TNF-␣, or IL-1 in CCR2
Ϫ/Ϫ mice compared to wild-type mice was observed (data not shown).
Memory response. To determine whether CCR2 was required in the secondary immune or memory response to M. tuberculosis, we infected wild-type and CCR2
Ϫ/Ϫ mice via aerosol (ϳ50 CFU/mouse) and, 4 months later, we treated the mice with isoniazid and pyrazinamide for 8 weeks, reducing bacillary loads below detection. After the mice were allowed to "rest" for 8 weeks, the mice were challenged via the aerosol route with ϳ50 CFU M. tuberculosis. No CFU were detectable in the mice prior to challenge. After challenge, the bacterial loads were determined and cell migration was addressed by flow cytometric analysis. The macrophage defect in CCR2 Ϫ/Ϫ mice was evident throughout the 6 weeks of observation, but again there was no sign of increased susceptibility (Table 2 ). There was no difference in T-cell migration to the lungs observed in these mice.
DISCUSSION

CCR2
Ϫ/Ϫ mice are clearly deficient in monocyte/macrophage migration to an inflammatory site (3, 8, 15, 16, 21, 22, 31, 32) . Here we confirmed the previous findings of impaired migration of cells to the lungs of CCR2 Ϫ/Ϫ mice after M. tuberculosis infection. However, in contrast to CCR2 Ϫ/Ϫ mice infected with a relatively high dose of M. tuberculosis, CCR2 Ϫ/Ϫ mice infected with a low dose of M. tuberculosis controlled the infection, despite a substantially reduced macrophage population in the lungs. Thus, in a low-dose infection, a delayed or deficient immune response does not necessarily lead to higher bacterial numbers in the lungs.
The absence of CCR2 resulted in prolonged macrophage deficiency in the lungs in the low-dose model of infection. There were two-to fivefold fewer macrophages in the CCR2 Ϫ/Ϫ lungs
FIG. 6. Expression of IFN-␥ and inducible nitric oxide synthase (NOS2) is delayed in the lungs of CCR2
Ϫ/Ϫ mice infected with a low dose of M. tuberculosis H37Rv via aerosol. RPAs were performed on whole-lung RNA preparations as described in the text. Each datum point represents three to four CCR2 Ϫ/Ϫ mice (ᮀ) or CCR2 ϩ/ϩ mice (OE), and the bars represent the standard error. ❋, P Յ 0.05; ❋❋, P Յ 0.005; ❋❋❋, P Յ 0.001. The experiment was repeated once with similar results. on October 14, 2017 by guest http://iai.asm.org/ compared to the wild-type lungs. There was also a less pronounced but definite defect in macrophage migration to the lungs after challenge of previously infected and drug-treated (i.e., immune) mice. However, the level of macrophages was apparently sufficient to control the primary or secondary infection, suggesting that the macrophage response in wild-type mice to M. tuberculosis is more robust than necessary to control a low-dose infection. However, even a very robust response is insufficient to clear the infection in mice. T-cell migration, particularly CD4 T cells, was also deficient in CCR2
Ϫ/Ϫ mice during the early stages of the infection. This may be a direct effect of the absence of CCR2, since this receptor is found on activated T cells and may be important in T-cell trafficking to the lungs from the bloodstream. However, the delay in T-cell migration could also be an indirect effect of CCR2 deficiency. Macrophages produce additional chemokines that signal T-cell migration, and the reduction in macrophages in the lungs may result in altered chemokine levels contributing to reduced T-cell migration. Alternatively, priming of T cells by dendritic cells in the lymph nodes could also be affected by the absence of CCR2, and this would result in a delay in T-cell responses in the lungs. The T-cell migration delay was not observed in the memory response to challenge in the lungs, suggesting that chemokine responses for memory cells may differ from those required for a primary response or that priming of the T-cell response by dendritic cells may be the cause of the delay in the primary response.
A significant delay in IFN-␥ gene expression was also observed in the lungs. This may be due to the delayed T-cell migration to the lungs or to reduced stimulation of the T cells that are present in the lungs because of macrophage deficiencies. Regardless of the mechanism responsible, the finding that a substantial delay in IFN-␥ production does not necessarily lead to increased bacterial numbers is surprising. IFN-␥ is an essential cytokine for control of M. tuberculosis infection, regardless of the dose or route of challenge (7, 10 ; data not shown). Nonetheless, it appears that IFN-␥ levels substantially reduced from wild-type levels are sufficient to control low-dose infection, at least in the early stages of infection. This again implies that the immune response in the lungs is more robust than necessary for bacterial control. The delayed IFN-␥ levels may be responsible for the reduced NOS2 gene expression, or this may also result from the deficiency of macrophages, the cells which produce NOS2, in the lungs. In any event, the control of bacterial growth in the lungs of CCR2 Ϫ/Ϫ mice after low-dose infection suggests that the level of NOS2 production is sufficient; however, at higher doses, this level of macrophage activation was apparently not adequate to control bacterial growth.
One striking difference between the low-dose and high-dose infections in CCR2 Ϫ/Ϫ mice was the neutrophilic infiltration to the lungs. The increased neutrophilic infiltration as a result of CCR2 deficiency was previously observed (22) ; the results in the low-dose-infected mice suggest that the continued infiltration of neutrophils may be due to uncontrolled bacterial replication in the high-dose model rather than a direct result of CCR2 deficiency. It is possible that the presence of large numbers of neutrophils in the lungs is damaging to the tissue and affects the ability of the macrophages to control infection. In the low-dose mice, the neutrophil infiltration is not significantly different at any time point, although there is a trend toward higher numbers of neutrophils in the CCR2 Ϫ/Ϫ lungs. Coincident with the induction of cell-mediated immunity and control of bacterial growth in the lungs (at 3 to 4 weeks postinfection), the numbers of neutrophils decreased.
In summary, these studies confirm that CCR2 is an important chemokine receptor in the trafficking of macrophages to the lungs during M. tuberculosis infection. However, for lowdose infection, the prolonged paucity of macrophages and transient delay in T-cell recruitment and IFN-␥ expression did not noticeably impair control of the infection in the lungs. These results imply that the wild-type immune response to M. tuberculosis in the lungs is more vigorous than necessary. Clearly, CCR2 is important for macrophage infiltration into the lungs after M. tuberculosis infection, and there is not a molecule that can replace CCR2 in this function. This striking phenotype was observed regardless of the infection dose, route, or strain of M. tuberculosis. The importance of macrophages to control of M. tuberculosis is well established. The ability of mice to control a low-dose, but not a relatively highdose M. tuberculosis infection with a substantial deficiency in macrophage numbers in the lungs does not imply that CCR2 is not playing a role in the immune response to this pathogen. Instead, the ability of mice to control a low-dose infection with a minimal inflammatory response in the lungs, with respect to macrophages and T cells early in infection, can be observed in these studies. A higher-dose infection clearly overwhelms this reduced response, and the reduced subsequent IFN-␥ and macrophage infiltration is not sufficient to gain control of the infection. The induction of a T-cell response in the lungs in the high-dose mice at ca. 2 to 3 weeks postinfection coincides with very high bacterial numbers and thus cannot contribute to the reduction of the bacterial load. This has been observed in other systems as well, including mice deficient in CD4 T cells (4) . However, as with many immunologically deficient mice and tuberculosis, CD4 T-cell-deficient mice cannot control even low-dose aerosol infections (29) . In contrast, in the low-dose infection, the minimal innate and inflammatory response that occurs in the absence of CCR2 is sufficient to control the infection until cell-mediated immunity is fully induced.
These studies have provided insight into the use of immunologic knockout mice to study M. tuberculosis. The use of CFU as the primary measure of the contribution of a specific immune component in the response to this infection can be misleading. In studies designed to unravel a complex system, such as cell migration and granuloma formation, the choice of model can be crucial to the outcome and interpretation of the results. The use of models, in vitro or in vivo, that are deficient in one component enables the assessment of a possible role for that component in cell migration or control of infection. However, the presence of a multitude of components can complicate the interpretation of the data, particularly in in vivo studies. An increase in bacterial numbers in a knockout mouse, compared to a wild-type animal, has been a standard for determining whether a particular component is essential in the immune response to M. tuberculosis. The infiltration of cells to the lungs and subsequent granuloma formation is clearly a complex process requiring a network of molecules and receptors. Nonetheless, although our data confirmed that CCR2 is clearly important in migration of macrophages to the lungs Our interpretation of these data is that comparison of bacterial numbers is only one measure of the function of certain molecules. The data provided here demonstrate that CCR2 is an important molecule in monocyte/macrophage migration and also affects, perhaps indirectly, T-cell migration and IFN-␥ expression. In the low-dose infection model, other immune components are sufficient to control the infection, whereas when a higher dose is administered to the mice, the absence of CCR2 results in lethal infection. Thus, there is a critical dose that can overwhelm the ability of macrophage-deficient lungs to control infection.
